Atmospheric temperature retrievals from thermal emission spectrometer (TES) observed radiances make possible the most complete separation of the constituent wave modes evident in Mars atmosphere to date. We use all of the data from the first aerobraking period as well as the science phasing orbits, which affords good sampling of the diurnal tides and stationary waves. TES retrievals of atmospheric temperature on a grid of pressure levels are the fundamental data set in this study. We then fit this data to selected 
wave or a stationary wave of wavenumber 2. Banfield et al. [1996] identified what appeared to be thermal tides and stationary waves in infrared thermal mapper (IRTM) T15 data, although recent work suggests that the data and that portion of their work may have been corrupted by surface radiance [Wilson and Richardson, 2000] .
These studies of the waves present in Mars atmosphere have put useful but limited constraints on atmospheric models. Nayvelt et al. [1997] tried to explain some of the observed surface streaks in terms of stationary wave observations. Much work has been done examining the connection between atmospheric dust opacity and the thermal tides [e.g., Leovy and Zurek, 1979] . However, observations of global waves are scarce, a fact which we hope to partially remedy with this work. The impact of these results will lead to more faithful models and a better understanding of the phenomena in Mars' atmosphere.
In this work, we make a distinction between waves which are highly predictable, either by being fixed in space or forced directly by the sun, and those waves which are much less predictable and travel at all manner of speeds. The highly predictable waves we consider part of the climatology, while the other waves are what we loosely call "weather." In this work, we focus on the predictable waves, leaving the "weather" for a later work. In section 2, we discuss which subset of the data we have examined and why and the properties of the TES instrument and its atmospheric retrievals. Following that we define the wave modes that we solve for and then go on to describe the methods we used to estimate amplitudes and phases. Next we present some of our results. Finally, we conclude with a discussion of some possible implications of these results and a summaryo 2. Data Set
Orbits and Coverage
The data we use in this study are the atmospheric temperature retrievals from the MGS spacecrai•'s TES instrument from the AB1 and SPO phases of the mission, that is, before the mapping phase. After entering the polar mapping orbit, TES was restricted to observations only at certain fixed times of day. Although favored for mapping purposes, this orbit is not well suited for sampling time of day variations. Because the diurnal variations typically dominate, it is easy for them to alias into other modes if they are not well observed. It may prove possible to use the horizon sensors on the spacecraft to infer the time of day variations during the mapping phase of the mission, but that approach has not yet been fully tested (T.Z. Martin, private communication, 1999).
Prior to entering the mapping phase of its mission, the spacecraft 's orbit changed slowly with time and afforded the instruments different views of the planet that also changed with time. When the spacecraft was near apoapse in the AB1 and SPO mission phases, TES observations scanned the instrument field of view across the planet, sensing many combinations of latitude, longitude, and local time in a short period of time. These sequences, which primarily covered the Southern Hemisphere (because apoapse was always in the Southern Hemisphere) are particularly valuable in the present work.
In Figure 1 we show the coverage in several dimensions for a typical slice of data (15øof Ls) from the AB1
and SPO mission phases. Figure la shows the coverage as a function of latitude and longitude. From figure la, it is apparent that the coverage is generally complete and uniform over these dimensions to near the north pole. Figure lb shows the same data as a function of latitude and local time. In this representation it is clear that the data north of -030øS are highly concentrated about one time of day, while south of that they are generally complete and uniformly distributed. This coverage severely hampers our ability to determine the tidal amplitudes for the Northern Hemisphere. However, a similar plot for the mapping mission phase data would have all latitudes having observations at exactly 2 times of day, making the tidal amplitudes significantly harder to determine. Finally, Figure lc shows 
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and SPO phases of the mission, except at those locations where topography penetrated into the pressure level considered for the region being observed, or the spectrum was corrupted and uninterpretable. The retrievals of atmospheric temperature from TES spectra are subject to several noise sources. These include instrument noise, errors in the estimated surface pressure, radiometric calibration of the instrument, and assumptions about surface emissivity and atmospheric dust opacity. The magnitudes and behavior of these error sources are such that all retrievals are subject to an 
Modes Considered
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we must first isolate the well-defined variations under scrutiny here. Obviously, there is a limit to how many modes can be fit from a given set of data. We have experimented with fits to O'max : 3 and mmax --3 and found that power decreases as the mode frequency increases. Specifically, the modes added by increasing from amax = 2 and mmax = 2 to amax = 3 and mm•x = 3 only explain •6% more of the power in these types of waves. For comparison, note that we find that the diurnal tide alone accounts for • 70% of the power in these types of waves.
Furthermore, the data coverage makes it difficult to reliably retrieve fits for the high-frequency modes. Thus, for this work, we have limited ourselves to amax = 2 and mmax = 2, which should contain most of the power in the data set for these types of wave modes.
Estimation
Amplitudes and Phases
To estimate the amplitudes of the different wave modes outlined above, we used a combination of binning and least squares fitting, based on the ideas of
Wu et al. [1995] (see Wu et al. [1995] for more details on the approach). The data set we used from
the TES team was already sampled on nine distinct pressure levels, each separated by half a scale height, starting at 6.1 mbar. We kept that vertical sampling in our analysis. We broke the data into L• blocks of 15øto resolve seasonal and dustiness changes well. In testing this choice of seasonal resolution, for one section (L• -300 ø -320 ø, which includes a dust storm) we found that 10øL• blocks yielded notably better resolved changes. For that period, we used 10øL• bins. It is important to include a long enough period to give good coverage of longitude and time of day and to average over lower-frequency waves. However, too long an interval will smear out seasonal or other atmospheric behavior changes. It appears that 10ø-15øL• bins were a good compromise for this TES data set.
We chose not to fit spherical harmonics or Hough functions to the data for each L• and altitude bin. Because of the poor coverage in the north, the global nature of Hough functions would have resulted in poorly constrained fits. Rather, we chose to bin the data further by latitude and then, within each of those bins, fit Fourier series in longitude and time to the data. This proved to be simpler and also allowed us to keep relatively high resolution in the meridional direction, without having to fit to high-order spherical harmonics. We chose 10øbins in latitude, which still afforded good coverage for most latitudes, yet resolved the latitudinal variations well.
Finally, instead of fitting the longitude-time Fourier series directly to all the raw data, we further binned it in the longitude and time dimensions. This allowed us to greatly speed up the fitting process, without sacrificing accuracy. That is, instead of evaluating the Fourier spectrum for every datum, we evaluated it for a limited set of locations in longitude and time, resulting in perhaps a factor of -•16 increase in speed (the median number of observations per bin). We used 24 bins in longitude (15øbins) and 12 bins in time (2 hour bins).
Because our data set is not uniformly sampled in the longitude-time domain, aliasing is a significant problem. This can be seen heuristically in that the different Fourier modes, while orthogonal on a uniformly sampled domain, have significant correlations for our limited and nonuniform sampling. Therefore power in a given mode in the data set will have nonzero convolutions with other modes. This constitutes aliasing, power leaking from one mode into another that is nonnegligibly correlated with the first mode for incomplete sampling.
Periodogram techniques only compute the convolu- 
Error Bars
A least squares fit will return formal error bars to accompany the retrieved parameters. However, the formal error bars only represent how well the model fits the existing data. It includes no estimate of aliasing possibilities. To include this, we modeled the error bars using a Monte Carlo technique. We took the observing pattern for each set of Ls, altitude and latitude bins that we were fitting, and manufactured many sets of synthetic data with 2 K observational errors. Then by examining the standard deviations of the retrieved mode amplitudes, we estimated the combined effects of the noise in the data, as well as the gaps in the coverage contributing to aliasing. This approach is probably effective in estimating the relevant error bars, but it does have shortcomings. Our choice of temperature retrieval observational error is almost certainly an oversimplification.
We noted above that the observational error is larger near the surface because of surface radiance, and the poorly known (pre-MOLA) topography. Thus a constant 2 K observational error for all altitudes prob-
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ably overestimates the errors at high altitudes and underestimates them at low altitudes. Another shortcoming of this approach is that it only accounts for aliasing among the modes that are being fit. Heuristically, this can be understood in that the least squares fit divides the observed power between the modes being fit. The observational noise, combined with the incomplete observing pattern causes leakage between the modes, or aliasing. Because the power is only divided between the modes being fit, the aliasing is only accounted for between those modes. To minimize this problem, we typically fit out to Smax = 2, the results of which suggested that there is significantly less power at higher wavenumbers. Therefore we are likely accounting for most of the power that could be aliasing into the important (low wavenumber) modes.
Results
Here we present our results. The format of the presentation is cross sections of mode amplitude and phase as a function of altitude and latitude. We present a set of these cross sections, an individual plot for each L s bin. The phase (being a circular variable) is represented by color on these plots, with a spectrum that wraps around also in a circular fashion. Amplitude is represented both by contours and also by the saturation of the color• the contours yielding readable values.
Regions that are left blank on these plots were filtered out for one of several reasons. The strongest reason that we left a region blank was due to the least squares fit being ill determined. This typically resulted from there being fewer filled bins (in longitude and time) than the number of modes being fit. The regions affected by this were at all latitudes in the north and near the ground. Another reason that we left regions blank on these plots was that the retrieved amplitude of the mode was less than the estimate of the error bars on that mode. That is, that mode is consistent with a value of zero. The amplitude for the mode that we retrieved in those locations may be correct, but we chose to cut those values from the plot to ensure that the values displayed are significant. This constraint filtered out the results from regions that were just north of the valid results shown in the plots to near the equator. Finally, we did not display values which had error bars associated with them greater than 5 K. This typically cut values which were anomalously high in the retrieval, and only a few scattered locations were effected. Because of these factors, our plots only extend from the south pole to 10øN. This dust storm appears to excite a high-amplitude diurnal tide even higher than that during the Noachis dust storm, perhaps suggesting that the dust was more concentrated at altitude than below. Semidiurnal Tide: cr-2, s-2. This mode, the semidiurnal tide shown in Plate 2, is interesting in that it is typically much smaller in amplitude than might be expected. We were able to reliably determine the amplitude of this mode for •50% of tile altitudes and latitudes in tile Southern Hemisphere. The regions where we could not determine the amplitude reliably were either too sparsely observed or the amplitude was too small to distinguish it from noise. Throughout the southern extratropics, a typical amplitude of this mode is HI K. Within the tropics the amplitude is larger, reaching .08 K three scale heights above the equator. The amplitude is greatest over the equator, and it could be growing with height as quickly as a factor of 2 for each one to two scale heights. This is notably similar to the p-•/2 that is predicted for conservation of energy 
Wilson and Hamilton
Discussion
These results, extracted from the AB1 and SPO TES data, should provide strong constraints for the numerous atmospheric models that the community now has. Additionally, they may be used to try to infer details of the state of Mars atmosphere. We expect that tidal and stationary wave models will be applied to these data, and estimates of the distribution of forcing and dissipation will be sharpened.
In this work, we identified two puzzling details of the observations that we will explore. The first was [this issue], we can infer what surface wind speeds would be required to produce this critical layer. Near the pole, the winds are very modest, 10 m/s at 85øS. Further north, this hypothesis becomes more unlikely. At 75øS a surface wind of 45 m/s is required, and at 65øS a surface wind of 70 m/s is required. Therefore we find this hypothesis highly unlikely to be correct (without widespread dust storms evident at that time, which was not the case) and leave this phenomenon unexplained.
The second phenomena that we noted was also in the diurnal tide mode.
We noted that this mode's phase 1/2 scale height above the surface was 180øout of phase with the Sun (see Plate 1). It shows a temperature maximum near local midnight. Linear tidal theory suggests that an atmosphere heated from below should show a phase advance (temperature maxima moving toward earlier local times) as one moves up above the surface, with the lowest levels having a maximum just after local noon, since that is where and when the energy is deposited. We mentioned above that it is possible that this is an artifact of the retrieval process being corrupted by surface radiance. However, it may be a real phenomenon. The southernmost latitude at which we see the phase advance with height appears to be moderately well correlated with the progression of the subsolar latitude through the seasons. However, the strength of this effect does not seem well correlated with dust opacity. For example, the dust opacity was highest from L8 = 225 ø -240 ø, yet during this time we observe no significant phase advance with height at the bottom of our domain and near the equator.
It is possible that this phenomenon can be explained by convective overshoot. Near midday, particularly at the subsolar latitudes, the martian boundary layer is heated very strongly. This raises the possibility that convective plumes could penetrate significantly into the stable atmosphere above the convecting boundary layer. This would effectively cool this layer (which is necessarily warmer than an adiabat from the surface). The cooling would be strongest when the boundary layer is 
